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Ultra-small metal clusters have attracted great

attention owing to their superior catalytic performance and Organic pollutants
extensive application in heterogeneous catalysis. However,
the synthesis of high-density metal clusters is very
challenging due to their facile aggregation. Herein, one-
step pyrolysis was used to synthesize ultra-small clusters and
single-atom Fe sites embedded in graphitic carbon nitride
with high density (iron loading up to 18.2 wt %), evidenced
by high-angle annular dark field-scanning transmission
electron microscopy, X-ray absorption spectroscopy, X-ray
photoelectron spectroscopy, and >’Fe Mossbauer spectros-
copy. The catalysts exhibit enhanced activity and stability in
degrading various organic samples in advanced oxidation
processes. The drastically increased metal site density and
stability provide useful insights into the design and synthesis of cluster catalysts for practical application in catalytic
oxidation reactions.

ultra-small clusters, single atoms, FeN,/g-C;N,, high-density, AOPs

H,O + CO, + other products

ith society’s needs for better quality of life and radicals (HO-), one of the most powerful oxidants, which react
emphasis on sustainable development, environ- with numerous organic compounds. However, most heteroge-
mental pollution has become one of the serious neous Fenton catalysts have large particles and wide particle

problems to be solved. In particular, water pollution is a major
threat to human health, such that organic compounds
(industrial dyes, pharmaceuticals, and pesticides, etc.) are
main contaminants present in wastewater, rivers, and ground-
water."”” Various methods have been developed to deal with
contaminated water, such as adsorption, flocculation, biological

size distribution due to the natural tendency for metal atoms to
diffuse and agglomerate.'”'? Various supports have been used
to improve the catalyst dispersion and stability, including
graphene, metal oxide, zeolite, etc."*™'” However, most of these
catalysts still suffer from low dispersion and stability, and thus,

methods, and advanced oxidation processes (AOPs). >~ it is highly desirable to design efficient and stable Fe-based
Among them, AOPs have gained considerable attention.’ ™ catalysts for AOPs.

Heterogeneous Fenton-type Fe-based catalysts have been

extensively used in AOPs, owing to their ease of separation, June 20, 2018

low cost, low toxicity, and environmental compatibility."”" September S, 2018

These Fe catalysts can activate H,O, to generate hydroxyl September S, 2018
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Figure 1. Optimized structures of various positions of single Fe atom and Fe cluster in g-C;N,. (a) Single Fe atom in the center of 6-fold
cavity, (b) single Fe atom in interlayer, (c) Fe cluster in interlayer (Sitel), (d) Fe cluster in interlayer (Site2), and (e) Fe cluster in interlayer

(Site3).

The application of catalysts with ultra-small clusters and
single-atom sites has attracted great interest because of their
high atom-utilization efficiency.'®'” Recently, preparation of
such catalysts has been demonstrated in which the active sites
are highly dispersed as sub-nanometer clusters, single atoms, or
both, such as Pd—Ni(OH),@S-1, PdA@RCC3, Co—N—C, and
Cu—N@C.*"** Single-atom Cu—N@C catalyst with high
density of active sites has been achieved with a metal loading
up to 8.5 wt %, suggesting the promising potential for practical
application. Further increasing the density of the active sites
requires a judicious selection of new support materials that can
provide more anchoring sites and robust metal—support
interaction to ensure high dispersion and stability. N-doped
carbon has been used as a support to anchor ultra-small
clusters and single-atom sites where the isolated metal species
can bind to N atoms, providing stable catalysts.zs’26 However,
the limited content of nitrogen dopants leads to limited
anchoring sites. Taking advantage of the N coordination
cavities, we anticipate that the low cost and environmentally
friendly graphitic carbon nitride (g-C;N,) with high-density
homogeneous “six-fold cavities” shall be a promising support
for firmly trapping ultra-small clusters, single-atom Fe sites, or
both.””~**

In this work, we designed a catalyst with ultra-small clusters
and single-atom Fe sites embedded in g-C;N, for catalytic
oxidation reactions. The catalysts were prepared by a one-step
pyrolysis of a mixture of Fe-imidazole coordination compound

9442

(Fe-ICC) and melamine (MA). High-density Fe sites with
ultrahigh Fe loading up to 18.2 wt % were obtained with high
dispersion, as evidenced by high-angle annular dark field-
scanning transmission electron microscopy (HAADF-STEM),
X-ray absorption spectroscopy (XAS), *’Fe Mossbauer spec-
troscopy, and X-ray photoelectron spectroscopy (XPS). These
catalysts exhibit excellent activity for degrading various model
organic pollutants in AOPs, thus showing promising potential
for practical application.

RESULTS AND DISCUSSION

g-C;N, is emerging as a promising support to stabilize high-
density ultra-small metal clusters and single-atom sites due to
its homogeneous high-density N atoms and “six-fold cavities”
for firmly trapping transition metals. Several recent studies
have successfully dispersed single noble metal atoms on g-
C;N,, and density functional theory (DFT) calculations
suggested that Pd/Pt atoms can be stabilized at various
positions of g-C;N,.>””" We propose g-C;N, should also be
able to stabilize high-density ultra-small clusters and single-
atom Fe sites. This hypothesis was first verified by DFT
calculations. We calculated the Fe binding energy at various
adsorption sites in g-C;N,. The stable configurations for
adsorption of a single Fe atom are shown in Figure 1a,b. Other
initial adsorption configurations converged to these two sites,
with strong preference for the Fe atom to move to the center
of the 6-fold cavity. At the center of the 6-fold cavity, a single
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Pyrolysis

Volume expansion

Figure 3. (a) TEM image; (b—d) HAADF-STEM images; and (e) the corresponding element mappings for the C, N, and Fe atoms of I-FeN,/

8-C;N,-5 catalyst.

Fe atom can be stable due to the relatively low binding energy
of —2.77 eV (Figure la). The most stable adsorption site
(Figure 1b), with a binding energy of —3.92 eV (Table S1),
places the Fe atom between two layers of g-C;N, interacting
with N atoms above and below. The location of Fe, dimer was
also examined as a model of ultra-small Fe clusters. All
considered configurations optimized to place the Fe, dimer
between layers (Figure lc—e) with a binding energy of —2.50
to —2.83 eV. The Fe, dimer is only stable in the interlayer
region. The considerably weaker binding (per Fe atom) of the
Fe, dimers versus single Fe atoms (—3.92 €V) in the interlayer
confirms a preference of Fe atoms to remain isolated versus
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dimerized. The calculation results support the feasibility of
dispersing high-density cluster and single-atom Fe sites in g-
C;N, matrix.

As shown in Figure 2, the synthesis of I-FeN,/g-C;N,-X (X
represents the mass ratio of MA over Fe-ICC) was carried out
via a one-step pyrolysis of Fe precursors and MA. The
presynthesized Fe-ICC and MA were ground and pyrolyzed at
600 °C in a N, atmosphere. For comparison, M-FeN, /g-C;N,-
X and S-FeN,/g-C;N,-X were also synthesized by pyrolysis of
MA/MIL-53(Fe) (an Fe-based metal organic framework with
1, 4-benzenedicarboxylate ligands) and MA/FeSO,, respec-
tively. During the pyrolysis, a significant volume expansion
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Figure 4. N 1s XPS spectra of (a) g-C;N,, (b) I-FeN,/g-C;N,-5, (c) I-FeN,/g-C;N,-10, and (d) I-FeN,/g-C;N,-15.
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Figure 5. (a) K-edge XANES spectra and (b) R-space EXAFS magnitudes of different samples.

occurred accompanying the decomposition of Fe-ICC and
MA, resulting in a brown foam-like solid as shown in Figure
S1. While MIL-53 and FeSO, precursors were used, no
obvious volume change occurred during pyrolysis. After the
full decomposition of Fe-ICC and the repolymerization of MA
to g-C;N,, highly dispersed Fe catalysts (I-FeN,/g-C;N,-X)
were obtained.

The XRD patterns of I-, M- and S-FeN,/g-C;N,-X catalysts
are shown in Figure S2. The primary diffraction peak (27.6°)
in the patterns of catalysts is assigned to the (002) interlayer
stacking from g-C;N,,*> and this peak gradually becomes
stronger as the MA-to-Fe precursor ratio X increases from 1 to
15. When X equals 1 and 2, diffraction peaks of Fe species were
observed, and the peak intensity decreases as X increases from
S to 15, suggesting that the Fe cluster size decreases with
increasing X. Therefore, the amount of melamine (or the
melamine to Fe-ICC ratio) has a crucial impact on the size
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distribution of the Fe species, i.e., the Fe cluster size decreases
as increasing the MA-to-Fe-ICC ratio. SEM images (FigureS3)
also show that the layered structure of g-C;N, increases in
these catalysts as the MA-to-Fe-ICC ratio increases, and the I-
FeN,/g-C;N,-S sample shows a fluflier structure. As shown in
Figures 3a and SS, fragment-like structures of g-C;N, were
observed in the TEM images, but no iron nanoparticles were
observed. The high-density Fe sites were confirmed by the sub-
Angstrom resolution HAADF-STEM measurements. As shown
in Figures 3b and S6ab, a large number of ultra-small Fe
clusters are uniformly dispersed in g-C;N,. Further examina-
tion (Figures 3c and S6c¢) revealed that ultra-small clusters and
single-atom Fe sites coexist in g-C3N, with high density,
corresponding to ultrahigh iron loading (18.2 wt %) in I-FeN,/
g-C3N,-S. In addition, there were only single-atom Fe sites
uniformly dispersed in thin area of g-C;N,, as illustrated in
Figure 3d and Figure S6d. Energy dispersive X-ray spectros-
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copy (EDS) images (Figures 3e and S7) show that C, N, and
Fe elements are also uniformly distributed.

The N 1s XPS spectrum of g-C;N, can be simulated using
three peaks (Figure 4a). The peaks at binding energies of
398.6, 399.7, and 400.6 eV correspond to the sp2 C=N-C
bonds in the tri-s-triazine (pyridinic N), sp® tertiary nitrogen
N—(C), groups, and N—H groups, respectively.””** Com-
pared to g-C;N,, the spectra of I-FeN,/g-C3N,-5, -10, and -15
(Figure 4a—c) can also be simulated with the three peaks,
indicating that the structure of g-C;N, remained in catalysts. It
is worth noting that the content of pyridinic N increases in
catalysts versus g-C;N, (79.4%, 72.0%, 67.3%, and 63.6% for I-
FeN,/g-C3N,-S, -10, and -15 and g-C;N,, respectively), which
is more favorable to binding with Fe atoms.”>”*® Meanwhile,
the N 1s signal in these catalysts all shift toward the lower
binding energy side in comparison to g-C;N, because of the
high content of Fe dopants in g-C;N, matrix and the presence
of Fe—N, bonding. In the Fe 2p spectra (Figure S10), the
peaks at 713.6 and 726.8 eV are assigned to Fe 2p;,, and Fe
2p, , of Fe(I1I), respectively. The dominant peaks at 710.1 and
723.3 eV correspond to Fe 2p;,, and Fe 2p,,, of Fe(Il),
respectively.”” The majority of Fe atoms are in the Fe(II) state
for all I-FeN,/g-C;N,-X catalysts (53.2%, 64.3%, 71.3%, and
72.0% of I-FeN,/g- C3;N,-2, -5, -10, and -15 Ccatalysts,
respectively). We can rule out the possible presence of FeC,
because the peaks of FeC, are located at lower-binding-energy
side, different from our catalysts.”® As shown in Figure Sa, two
small pre-edge peaks at 7112.6 and 7114.8 eV are present for
all the catalysts in the Fe K-edge X-ray absorption near-edge
structure (XANES) spectra, suggesting the presence of both
Fe(II) and Fe(IlI) consistent with the XPS results as well as
the ’Fe Mossbauer spectra, as shown in Table S2. The small
pre-edge peaks originate from the 1s—3d transition, indicating
the localization of 3d orbitals in our catalysts, contrary to the
delocalized 3d orbitals in iron carbides and nitrides. In
addition, iron carbides have XANES energies similar to that of
metallic Fe, which is not observed in these samples.*”

The *’Fe Mossbauer spectra of I-FeN,/g-C;N,-5, M-FeN,/
g-C3N,-5, and S-FeN,/g-C3N,-5 are shown in Figures 6a and
S11, with analysis results given in Tables S2 and S3. All
catalysts are fitted with three doublets (D1-D3).*>** The

4 0 1 2 3
Doppler Velocty (mm/s)

Figure 6. Room-temperature *’Fe Mossbauer spectra of I-FeN,/g-
C;N,-S catalyst: (a) fresh catalyst, (b) after the first cycle, and (c)
after the second cycle.
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doublet D1, with smaller isomer shift (IS) values, is assigned to
Fe(III), and the two quadrupole-splitting doublets (D2, D3)
correspond to high-spin Fe(Il) in different coordination
sites.”"** The large quadrupole-splitting value for this high-
spin Fe(II) indicates a complex coordination environment, as
expected from Fe—N, species.*”** The highest content (66%)
of D2 and D3 sites in all iron species suggests that most of iron
ions are converted into Fe(II)-N, species in I-FeN,/g-C;N,-S
catalyst (Tables S2 and $3).* The Bader charge of +1.097 and
+1.094 are also consistent with a high content Fe(II) state in g-
C;N,, as shown in Table S1.

Extended X-ray absorption fine structure (EXAFS) results of
the catalysts are also consistent with the proposed Fe—N,
structure. As shown in Figure Sb, the first shell peaks at ~1.6 A
(phase-uncorrected distance) of the catalysts suggest longer
bond distances than the Fe—O bonds in Fe,0; at ~1.5 A. The
EXAFS fitting results indicate that the Fe—N bonds are at
~2.09 A, which is in the normal range of Fe—N bond distances
(Table S4). The average coordination number of the catalysts
are ~4, suggesting the presence of coordinatively unsaturated
Fe sites, which is desired for efficient catalysis. The absence of
a large higher shell peak (within 2—3 A) is consistent with the
STEM results that all the Fe sites in the catalysts are highly
dispersed ultra-small clusters and single atoms. The decrease of
the second shell peak (at ~2.6 A) with increasing X suggests
that the Fe species are dominantly single-atom sites, and the
results are also consistent with the XRD results. We performed
thermogravimetric analysis (TGA) to study the formation
process of the catalysts using I-FeN,/g-C3N,-5 as the example.
The reaction to generate g-C;N, is an integration of
polyaddition and polycondensation accompanied by ammonia
elimination. The TGA curves are given in Figure SI12. At
approximately 438 °C, the Fe-ICC begins to decompose,
rapidly releasing iron species, and the decomposition of Fe-
ICC is completed at 475 °C. This temperature range coincides
with that for MA rearrangements (390—500 °C), during which
the tri-s-triazine moiety is generated, and the iron species
released by Fe-ICC decomposition can be captured by
melamine/tri-s-triazine units due to the coordination between
iron ions and N atoms. At 500 °C tri-s-triazine units start to
polymerize,*® accompanied by the incorporation of Fe clusters
in the g-C;N, matrices. After volume expansion, the resulting
catalyst is fluffy, and well-dispersed ultra-small clusters and
single-atom Fe sites are supported on g-C;N,. The iron loading
of I-FeN,/g-C;N,-S was determined to be 18.2 wt % (Figure
S13 and Table S5). For nanoclusters catalysts, increase of the
metal loading often leads to the formation of large metal
nanoparticles.”’ Fortunately, the abundant N anchoring sites in
g-C;N, and the in situ synthetic route allow for a high level of
metal loading for nanocluster catalysts.

The degradation of methylene blue (MB) was selected as a
probe reaction to evaluate the performance of FeN,/g-C;N,
catalysts. All reactions were carried out at neutral pH. As
shown in Figure 7a, I-FeN,/g-C;N,-5 exhibits a high removal
efficiency of MB in the photo-Fenton reaction, and the
removal efficiency reached 60.0% within 2 min and 98.9%
within 11 min, which is attributed to the high density of
Fe(Il)-N, active sites (the period between 0 and 30 min
represents adsorption—desorption equilibrium between cata-
lyst and organics). We investigated the influence of H,0, and
visible light on the heterogeneous photo-Fenton process. From
Figure S14, the I-FeN,/g-C;N,-5 catalyst could effectively
degrade high-concentration MB under H,0, or H,0, with
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Figure 7. (a) Removal efficiency of MB using I-FeN,/g-C;N,-X catalysts. (b) Removal efficiency of different organic pollutants using I-FeN,/
g-C3N,-5 catalyst. Reaction conditions: 200 mg L™ organics (MB, MO, RhB, and phenol), 77 mM H,0,, 0.5 g L! catalyst, 308 K, and

visible light.

Table 1. Comparison of the Catalytic Activities of I-FeN,/g-C;N,-S with the Fe-Based Catalysts in the Literature

catalysts organics My (g/L) Corg (ppm)

Fe/MnO, MB 0.5 100
10%Fe-g-C;N, MB 0.5 50
FeOCl MB 0.2 80
Fe-g-C;N,/GMC RhB 0.8 50
Fe,0,/MIL-101 RhB 05 10
Fe,O;@hier-S-1 phenol 2 1000
FePc/graphene phenol 0.2 S0
Fe-ZSM-5 phenol 2 S0
FeOCl phenol 0.2 100
I-FeN,/g-C;N,-5 MB 0.5 200

RhB

phenol

Ciy,0, (mM) T (°C) t (min) conversion (%) ref
1647 25 120 94 48
200 25 920 100 49
16 40 30 21 50
40 25 40 95 S1
20 25 30 100 52
149 50 60 100 53
49 25 180 77 54
9 35 180 100 S5
16 40 30 100 50
77 35 11 99 this work
8 100
10 98

visible light. We also compared the performance of I-FeN,/g-
C3N, catalysts made with different precursor ratios (Figure
7a). The I-FeN,/g-C;N,-S catalyst exhibits the highest
catalytic activity. During the pyrolysis, N-containing MA
releases the reducing gas (ammonia) during its polycondensa-
tion to §—C3N4, which facilitates Fe(II)-N, species gener-
ation.”**® However, the excessive addition of MA will reduce
the iron loading. The optimal ratio of MA over Fe-ICC is S for
which both the iron loading and the amount of Fe(II)-N,
active sites in catalyst can be maintained at a relatively high
level. We next investigated the effect of varying Fe precursors
on the activity of catalyst. The two nitrogen-free iron
precursors generated M-FeN,/g-C;N, and S-FeN,/g-C;N,.
Their photo-Fenton properties are shown in Figure S15. The
optimal ratio of MA over iron precursors was also S for the two
series, however, the I-FeN,/g-C;N,-X catalysts exhibit higher
activity than M and S catalysts with the same precursor ratio.
This indicates that the Fe-ICC is a preferable precursor to
prepare nanocluster catalysts in the Fe/MA system.

The highest content of Fe(II)-N, active sites in I-FeN,/g-
C;N,-S corresponds to optimal activity. However, S-FeN,/g-
C;N,-S has higher content of Fe(II)-N,, species than M-FeN,/
g-C3N,-S, whereas the catalytic activity is lower due to its
lower dispersion (Figure S4e,f). We attribute the high-density
Fe(II)-N, sites of I-FeN,/g-C3N,-S to the better compatibility
of N-containing Fe-ICC with MA compared with FeSO, and
MIL-53(Fe) precursors. A practical heterogeneous Fenton-
type catalyst must efficiently and nonselectively degrade
various organic pollutants. Therefore, the degradation of
several typical organic pollutants including MB, methyl orange
(MO), rhodamine B (RhB), and phenol by I-FeN,/g-C;N,-5
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was also evaluated (Figure 7b). The removal efficiency of all of
these organics reached 100% within 15 min at neutral pH.
Compared with other conventional iron-based Fenton-type
catalysts as listed in Table 1, the I-FeN,/g-C3N,-5 catalyst
exhibits much higher catalytic activity for degrading high-
concentration organic pollutants at neutral pH. The involved
radicals species generated during the photo-Fenton process
were confirmed via electron paramagnetic resonance (EPR)/
5,5-dimethyl-1-pyrroline N-oxide (DMPO) experiments. As
shown in Figure 8, the generation of HO-, a strong oxidizing
species with an oxidation potential of 2.8 V versus NHE was
observed within 1 min of reaction time. A 4-fold characteristic

L4 *
¢ HOe
I-FeN /g-C,N,-5
s
s
>
£ M-FeN /g-C,N,-5
@ M*NWMWM
3
= ", q S-FeN /g-CN,-5
DMPO+H,0,
PN A ANy
T T T T v T v
3300 3320 3340 3360 3380 3400 3420

Maginatic field (G)
Figure 8. DMPO-trapped EPR spectra of three reaction systems
and an H,0,—aqueous system at 1 min.
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peak with an intensity ratio of 1:2:2:1 corresponds to the
typical HO-/DMPO complex adduct.'”*” The amount of HO-
generated in the I-FeN,/g-C;N,-5 catalytic system is much
higher than the other two reaction systems, demonstrating that
the high-density Fe(II)-N, active centers could rapidly activate
H,0, to generate HO-.

We have shown that the Fe species in I-FeN,/g-C;N,-10
and 15 are dominantly single-atom sites, while in I-FeN,/g-
C;N,-5, ultra-small clusters and single-atom Fe sites coexist.
To evaluate the role of various Fe species in Fenton reaction,
we compared the MB removal rate (normalized by the weight
of Fe in each catalyst) of catalysts with various clusters-to-
single atom ratios. The clusters-to-single atom ratio decreases
with increasing X, so if the Fe atoms in the ultra-small clusters
show higher turnover rate than the single-atom Fe sites, a
decrease of the turnover rate should be observed as increasing
X, and vice versa. The calculated initial removal rate of MB for
I-FeN,/g-C3N,-5, 10, and 15 are 0.560, 0.528, and 0.478
g(MB)-min~"-g(Fe) ™!, respectively (the rate was calculated
using the data point at 2 min in Figure 7a). A slight decrease of
the normalized turnover rate was observed as increasing X
from S to 15, suggesting that single-atom Fe sites may have
slightly lower turnover rates than the Fe atoms in ultra-small
clusters. In summary, for catalysts with large single atom-to-
cluster ratios, the single-atom Fe sites play a major role in
Fenton reaction, while for catalysts with low single atom-to-
cluster ratios, the Fe sites in ultra-small clusters play a major
role. The g-C;N, support stabilizes both highly active species,
giving high dispersion at high metal loading, resulting in high
activity.

The reusability of I-FeN,/g-C3N,-5 is illustrated in Figure
S16, and the removal efficiency of MB could reach almost 98%
in 15 min for four cycles. The *’Fe Mossbauer spectrum
measurement was carried out to ascertain the iron state of the
reused catalysts. After the first cycle, the total content of Fe(Il)
species is unchanged compared to the fresh catalyst, but there
is a transformation between the two species (D2 and D3).
Surprisingly, after further cycle experiment, the proportion of
three iron species (D1—D3) is unchanged. It seems that the
iron state of the reused catalyst tends to be stable after the first
cycle. The result is consistent with the good reusability of I-
FeN,/g-C;N,-S catalyst. The iron leaching for I, M, and S-
FeN,/g-C;N,-S catalysts were 0.69, 0.79, and 2.44 mg/L,
respectively, according to the inductively coupled plasma
measurement (Table S7). The I-FeN,/g-C;N,-S catalyst has
the minimal iron leaching that is much lower than the
European Union standard of 2 mg/L, corresponding to the
stable Fe(II)-N, configurations embedded in g-C;N, The
homogeneous catalysis of dissolved iron ions provides only a
very small contribution to the total organics degradation in
heterc_>§eneous Fenton-like reaction at neutral pH (Figure
S17).°

CONCLUSIONS

High-density ultra-small clusters and single-atom Fe sites were
anchored in g-C;N, matrices via a one-step pyrolysis of a Fe—
N-containing precursor (Fe-ICC) with MA. The presence of
abundant anchoring sites in g-C;N, leads to highly dispersed
Fe—N, sites, as illustrated using HAADE-STEM, XAS, XPS,
and DFT calculations. Compared with other nitrogen-free iron
precursors (FeSO, and Fe-MOF), Fe-ICC, together with MA,
is a highly compatible precursor for the pyrolysis, which was
crucial for generating high-density Fe—N, centers. In AOPs,
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the Fe(II)-N,, active sites can rapidly activate H,O, to generate
HO- radicals, exhibiting excellent removal efficiency for various
typical organics (MB, MO, RhB, and phenol), better
reusability, and low iron leaching (0.69 mg/L). I-FeN,/g-
C;N,-S may serve as a practical catalyst for organic pollutant
degradation in wastewater. These findings demonstrate a
potentially generalizable path toward the design and synthesis
of nanocluster catalyst with a high density of active sites.

EXPERIMENTAL SECTION

All chemicals are analytical grade and used without further
purification. Iron dichloride tetrahydrate (FeCl,-4H,0), ferrous
sulfate heptahydrate (FeSO,-7H,0), methyl orange (MO), rhod-
amine B (RhB), phenol, and methylene blue (MB) were purchased
from Damao Chemical Reagent Factory (Tianjin, China). N,N-
Dimethylformamide (DMF), absolute methanol, 30% hydrogen
peroxide aqueous solution (H,0,, 30%), and hydrofluoric acid
(HF) were obtained from Guangfu Fine Chemical Research Institute
(Tianjin, China). Polyvinylpyrrolidone (PVP), melamine (MA),
terephthalic acid (BDC), 2-methylimidazole, and $,5-dimethyl-1-
pyrroline N-oxide (DMPO) were received from Aladdin (Shanghai,
China).

Preparation of FeN,/g-C3;N,. Synthesis of Fe-ICC. Fe-ICC was
synthesized by a ball milling method according to the reported
synthesis route of ZIF-8 with modifications.*® First, ferrous sulfate
(FeSO,-7H,0, 3.33S g), 2-methylimidazole (4.72 g), PVP (4.32 g),
and methanol solution (12 mL) were added into an agate jar, and
then ball-milling was carried out at 500 rpm for 2 h. The resulting
dark-green solid was centrifuged, washed with ethanol several times,
and then dried at 60 °C overnight in a vacuum oven.

Synthesis of MIL-53 (Fe). The one-step synthesis of MIL-53 (Fe)
was carried out under mild hydrothermal conditions according to the
literature.”” The reaction was performed in a 100 mL Teflon-lined
stainless steel autoclave for 3 days at 220 °C. The amount of the
starting reagents was 4 mmol FeCl, (0.8 g), 4 mmol BDC (0.67 g),
0.8 mL of HF (10% aqueous solution), and 40 mL of DMF. The
product was obtained as a light yellow powder. Finally, the solid was
washed with DMF and deionized water and then dried at 80 °C
overnight.

Synthesis of FeN,/g-C;N,. First, iron precursors and MA were fully
ground in an agate mortar with varied ratios (MA/iron precursors
ratios of 1,2, 5, 10, and 15), and then the mixture was calcined at 600
°C for 5 h in a tube furnace with a ramping rate of 5 °C min™" in
nitrogen atmosphere. Before calcination, the mixture was placed into a
quartz boat and the tube furnace was prepurged with nitrogen for 2 h.
The resulting russet catalysts were named as I-FeN,/g-C;N,-X (X = 1,
2, 5, 10, and 15). The other two series of composite catalysts were
synthesized using the same procedure with different iron precursors,
and the two series of as-synthesized catalysts were named as M-FeN,/
g-C3N,-X (MIL-53(Fe) as precursor, with X = 2, S, and 10) and S-
FeN,/g-C;N, (FeSO, as precursor, with X = 2, §, and 10).

Physicochemical Characterization. Powder X-ray diffraction
(XRD) patterns were recorded on a Rigaku Smartlab diffractometer
with a nickelfiltered Cu Ka X-ray source at a scanning rate of 0.02°
over the range between 5° and 80°. The tube voltage and current used
were 45 kV and 200 mA, respectively. X-ray photoelectron
spectroscopy (XPS) measurements were performed on a Thermo
Scientific ESCA Lab250 spectrometer with a monochromatic Al Ka
X-ray source. Binding energies were calibrated by the C 1s peak at
284.6 eV. High-angle annular dark field-scanning transmission
electron microscopy (HAADF-STEM) and energy dispersive X-ray
spectroscopy (EDS) images were collected using a probe-corrected
JEM-ARM200F electron microscope operated at 200 kV. Trans-
mission electron microscopy (TEM) images were taken on a Tecnai
G2 20 S-twin instrument (FEI Company) with an acceleration voltage
of 200 kV. The samples for TEM analysis were prepared by dipping
the carbon-coated copper grids into ethanol solutions of the samples
and drying at ambient conditions. TGA of the samples were
performed on a SDT Q600 thermal gravimetric analyzer (TA
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Instruments) from room temperature to 800 °C at a ramping rate of
10 °C min™! under air or N, atmosphere. The dissolved iron
concentration was detected by an inductively coupled plasma-atomic
emission spectrometer (Optima 2000DV, USA). ’Fe Mossbauer
spectra were recorded at room temperature using a Topologic SO0A
spectrometer with a proportional counter. The involved radical
species were confirmed using a Bruker electron paramagnetic
resonance device (A200-9.5/12, Ger). XANES and EXAFS measure-
ments at the Fe K-edge (7112 eV) were conducted on the bending
magnet beamline of the Materials Research Collaborative Access
Team (MRCAT, 10-BM) and Sector 20 at the advanced photon
source (APS) at the Argonne National Laboratory. Ionization
chambers were optimized at the midpoint of the Fe spectrum for
the maximum current with linear response (~10' photons detected
per second) using 35% He in N, (15% absorption) in the incident X-
ray detector and a mixture of ~17% Ar in N, (70% absorption) in the
transmission X-ray detector. A third detector in the series
simultaneously collected a Fe foil reference spectrum with each
measurement for energy calibration. A cryogenically cooled double-
crystal Si(111) monochromator was used and detuned to 50% to
minimize the presence of harmonics. The X-ray beam was 0.5 mm X
1.5 mm, and data were collected in transmission geometry in 10 min
in step-scan mode in air. All the samples were diluted and ground with
BN and pressed into a pellet to get approximately an edge jump of
1.0. The data analysis was done using Demeter 0.9.26 software
package.

Heterogeneous Photo-Fenton Degradation of Dyes and
Phenol. Photo-Fenton catalytic activities of the catalysts were
evaluated for degradation of four model organic pollutants (MB,
MO, RhB, and phenol) with the addition of H,O, under visible light
irradiation at neutral pH. In a typical process, 25 mg of catalyst was
added into 50 mL of organic solution (200 mg/L). The mixture was
ultrasonicated for 10 min and then stirred for 30 min in the dark to
establish adsorption—desorption equilibrium. The reaction was
initiated by adding 400 uL of H,0, (30 wt %) aqueous solution
and simultaneously turning on a 300 W Xe arc lamp (PLS-SXE
300CUYV, Beijing Perfect Light Co., Ltd.) with a UV-CUT filter to cut
off light of wavelength of <420 nm. The temperature was kept at 308
K using recycled water. During illumination, approximately 400 L of
suspension was withdrawn at certain intervals after separation of
catalyst using a filter and was analyzed by a UV—vis spectropho-
tometer (JASCO V570, Japan) or an Agilent high-performance liquid
chromatograph (HPLC 1200) with an Eclipse XDB-C18 (150 mm X
4.6 mm X S pum) column. The photocatalytic activities of catalysts
were calculated by the concentration of dye (C/C,) according to the
absorbance (A/A,), where C, and A, were the initial concentration
and absorbance of dye, respectively.

In recycling experiment, the catalyst was repeatedly applied to
remove MB by photo-Fenton reaction. After each cycle, catalyst was
centrifugally separated and then dried at 80 °C overnight. The same
amount of dried sample was used as a catalyst for the next recycling
experiment.

Computational Methods. Theoretical calculations were per-
formed using the Vienna ab initio simulation package. (VASP).®" The
generalized gradient approximation (GGA) in the form of the
Perdew—Burke—Ernzerhof (PBE) functional was adopted for the
exchange-correlation interactions.”> The cutoff energy for the plane-
wave basis set was set to S00 eV. The optimized lattice parameters for
pure g-C;N, (a = b =6.96 A and ¢ = 7.51 A) are in good agreement
with other theoretical results (a = b = 6.97 A and ¢ = 7.14 A). The
two-layer g-C;N, (001) slabs were built with 2 X 2 supercells with a
vacuum region of 15 A between slabs. A set of 3 X 3 X 1 Monkhorst—
Pack special k-points has been used for structural relaxations to search
for the most stable configurations. The convergence criteria for the
residual force on each atom during structure relaxation were set to
0.01 eV/A. A refined 5 X § X 1 Monkhorst—Pack special k-point
mesh is used for the most stable surface configurations to obtain more
accurate energies.

We calculated the Fe binding energy at various adsorption sites in
g-C;N, including the 6-fold cavity, the top of a 6-membered ring, and
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between the 2 layers. The single Fe atom binding energy is defined as
eq I:

Ebinding:(EFe/g-C3N4 - Eg-C3N4 - nEFe)/n

(1)
where Ep./o.cny Epe and Egcp, are the total energies of single Fe

atom adsorbed on g-C;N,, an isolated Fe atom, and the bare g-C;N,,
respectively. Here, n is the number of Fe atoms. For the binding of
Fe, clusters, the binding energy is also referenced to an isolated Fe
atom and expressed on a per-Fe-atom basis. A more-negative binding
energy indicates stronger interaction between Fe atoms and g-C;N,.
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